STUDY QUESTION: Does spontaneous endometriosis in cynomolgus monkeys have the characteristics required of a good experimental model?
Introduction
The clinical manifestations of endometriosis are dependent not only on estrogen but also on inflammatory agents, but a full understanding of its etiology remains elusive. The main symptoms in humans are severe dysmenorrhea, chronic pelvic pain, bowel symptoms and infertility (Greene et al., 2009 ), and since current therapies are not adequate to manage the disease in the long term, an endometriosis model that reflects clinical disease status is needed to clarify its etiology and to develop new drugs.
Spontaneous endometriosis in non-human primates (NHPs) is considered useful for researching the disease because the anatomy of NHP reproductive organs is similar to that of humans (Story and Kennedy, 2004; Braundmeier and Fazleabas, 2009; Yamanaka et al., 2012) . Although the menstrual cycle of rhesus monkeys (Macaca mulatta) is seasonal, that of baboons (Papio) and cynomolgus monkeys (Macaca fascicularis) is similar to the human menstrual cycle (~4 weeks), so spontaneous endometriosis reported in cynomolgus monkeys (Fanton and Hubbard, 1983; Ami et al., 1993) and baboons (Merrill, 1968; D'Hooghe et al., 1991) is considered relevant. The histological characteristics have also been described fully and are considered to be clinically relevant in baboons (D'Hooghe et al., 2009) and cynomolgus monkeys (Nishimoto-Kakiuchi et al., 2016) . Baboons are reportedly useful for endometriosis research because they are larger than cynomolgus monkeys, which makes it easier to observe the disease by laparoscopy and to obtain tissue samples. Conversely, being smaller in body size and a common laboratory animal, cynomolgus monkeys are easier to control in the laboratory setting (NishimotoKakiuchi et al., 2016; Yamanaka et al., 2012) .
There are at least three requirements for a spontaneous endometriosis animal model to evaluate drug efficacy: screening, diagnosis with staging and monitoring. Although D'Hooghe et al. (1992) reported diagnosis and monitoring with staging over 30 months in baboons by laparoscopy (D'Hooghe et al., 1996a; 1996b) , a systematic approach to screening for spontaneous endometriosis in NHPs from a general population has not been reported. In addition, although MRI monitoring has recently received much attention as a non-invasive method in the clinical setting (Bazot et al., 2004; Takahashi et al., 2016) , there is no report of its use in baboons or cynomolgus monkeys. Because of this lack of a model with the appropriate requirements, we tried to establish methods for screening, staging and monitoring of spontaneous endometriosis in cynomolgus monkeys for the first time.
Another important parameter for an endometriotic model is pain, which is the main symptom and main endpoint in clinical endometriosis research in humans (Dunselman et al., 2014) . Because pain cannot be evaluated directly in animal models, if a parameter(s) that correlates with endometriosis can be established, it would be valuable when applied to an endometriosis animal model. For this purpose, the current study investigated parameters that may correlate with the menstrual cycle and endometrial status, and finally compared the characteristics that make cynomolgus monkey and baboon models appropriate for evaluating the efficacy of therapies.
Materials and Methods

Ethical approval
The study was conducted on cynomolgus monkeys in the breeding colony of Tsukuba Primate Research Center (TPRC) at the National Institute of Biomedical Innovation, Health and Nutrition, Ibaraki, Japan. All monkeys that were used in this study were cared for according to procedures approved by the Animal Care and Use Committee of the National Institute of Biomedical Innovation, Health and Nutrition, which reviews study plans according to the guidelines in Japan set out in the 'Ministry of Health, Labor and Welfare: Basic Policies for the Conduct of Animal Experimentation'. Besides, protocols for all experiments involving animals were in compliance with the guidelines set by the same institute for the care, use and biological hazard countermeasures of laboratory animals.
Animals
The TPRC was established in Tsukuba in 1978. Cynomolgus monkeys were originally brought from the Philippines, Indonesia, and Malaysia and, although colonies were sometimes crossbred, the monkeys were basically bred within a colony of animals from the same geographic origin. The monkeys which were observed for diagnosis were first to third generation descendants from the imported monkeys. This study was conducted using 614 female cynomolgus monkeys of reproductive age (6-25 years old) in the breeding colony of TPRC from 2008 to 2012. The environment of the animal room was set at 25 ± 2°C room temperature, 60 ± 5% relative humidity, and a 12 h light-and-dark cycle. The animals were given water ad libitum and fed daily with 70 g commercially available solid food (35 pieces of type AS; Oriental Yeast Co., Ltd., Tokyo, Japan) and 100 g apples.
During the screening phase (explained below), out of 29 monkeys that were selected as possible candidates, 15 were diagnosed with endometriosis by laparoscopy and/or open surgery. Of these, the nine animals that were diagnosed by laparoscopy were categorized according to their disease stage, and eight of them were subjected to monitoring for 2-7 months (Fig. 1) .
Another five healthy female monkeys were selected arbitrarily, and their food consumption was observed for 8 weeks as a control.
Screening
We selected 29 candidate monkeys (7-21 years old) by screening primarily for regular menstrual bleeding (five times per year or more) and secondarily for high values of serum CA125 (>35 U/mL) and/or aberrance found on palpation during routine medical examination. Serum CA125 concentration was measured with HISCL CA125 reagent (Sysmex Co., Ltd., Kobe, Japan) and an automated hematology analyzer (K-4500; Sysmex Co., Ltd., Kobe, Japan). Palpation of the abdomen was performed by veterinarians with the monkeys supine and under anesthesia with 5 mg/kg ketamine hydrochloride (Ketalar; Daiichi Sankyo Propharma Co., Ltd., Tokyo, Japan) and 1 mg/kg xylazine hydrochloride (Celactal; Bayer AG, Leverkusen, Germany). Typical aberrances found by palpation are enlargement, induration, irregular shape of the uterus and abdominal distension.
At TPRC, the general condition of all monkeys is observed daily and recorded as follows: feces (normal, loose, diarrhea, no feces); amount of menstrual bleeding (no bleeding, spotting, mild bleeding, heavy bleeding); food consumption (most, half, little); and locomotor activity (normal, low activity, inactivity/lying down). In a health examination every 2 years, blood is analyzed by measuring hematological indices and other biochemical tests including measuring C-reactive protein using an automated hematology analyzer (K-4500; Sysmex Co., Ltd., Kobe, Japan). Finally, clinicopathological status is also recorded by noting mating times, pregnancy, delivery, cesarean sections and abortion.
To increase the number of endometriotic monkeys obtained, we increased the screening parameters by retrospectively assessing the routine laboratory parameters recorded at TPRC. These additional screening parameters, and combinations of all the screening parameters, were then evaluated according to their positive predictive value (PPV) or 'sensitivity.' The PPV and sensitivity were defined as: PPV = true positive/(true positive + false positive); Sensitivity = true positive/(true positive + false negative).
In addition, serum CA125 levels were compared between the endometriotic animals with or without chocolate cyst(s).
Diagnosis with staging
Fifteen out of the 29 monkeys were definitively diagnosed with endometriosis by open surgery, from which we could be sure of obtaining a biopsy sample for pathological analysis (n = 5), or by laparoscopy (n = 10, of which one monkey was excluded from the rest of the study because of a gastric tumor). Biopsy samples were taken from all five monkeys diagnosed by open surgery and, as our laparoscopic skills improved, from three of the monkeys diagnosed by laparoscopy. The samples were fixed with 4% (V/V) neutral-buffered formalin and stained with hematoxylin and eosin. The nine monkeys diagnosed by laparoscopy were evaluated for their disease status based on lesion size, location, and adhesions. However, we decided not to compare the staging data from open surgery with those from laparoscopy because data on smaller lesions, which are harder to detect in open surgery, would be inconsistent. Observations by open surgery and laparoscopy were both performed under anesthesia with 5 mg/kg ketamine hydrochloride (Ketalar; Daiichi Sankyo Propharma Co., Ltd., Tokyo, Japan) and 1 mg/kg xylazine hydrochloride (Celactal; Bayer AG, Leverkusen, Germany) followed by isoflurane (Isoflurane Inhalation Solution; Pfizer Inc., NY, USA).
To adjust the scoring method in cynomolgus monkeys, the revised American Fertility Society (r-AFS) score (1985) was modified in the following two ways (modified r-AFS score): the size criteria were changed to 5 and 15 mm; and an item was added for adhesions at the vesicouterine pouch (complete, partial, open) . The monkeys underwent laparoscopy twice during the monitoring period, and we used the modified r-AFS score to evaluate lesion size, location and adhesion.
Monitoring
Disease monitoring is the final step in the experimental scheme shown in Fig. 1 , and it was used to assess the usefulness of the animal model for evaluating drug efficacy. One of the nine monkeys that were diagnosed by laparoscopy was excluded from the present study and used in another study. The disease status of the eight monkeys in which endometriosis had been diagnosed was monitored by laparoscopy and MRI (Siemens Healthcare Japan, Inc., Tokyo, Japan) for 2-7 months. The monitoring schedule of each animal is shown in Supplementary Fig. S1 . T1-weighted images were taken to evaluate the cysts quantitatively. Since periodic analysis showed that cyst volume was stable in any estrus period (menstrual period, proliferative period and secreted period), we considered that the data of all time-points were comparable.
In time-course monitoring, we evaluated the lesions quantitatively after comparing the detectable lesion profile (size and location) taken by MRI with the laparoscopic findings. 
An endometriosis-associated biological parameter
Previously, we reported that a decrease in food consumption in the menstruation period was observed in monkeys with histologically confirmed endometriosis (Nishimoto-Kakiuchi et al., 2016) ; therefore, we selected it as a candidate endometriosis-associated biological parameter. With this aim, we measured the food consumption of eight monkeys for 12 weeks and analyzed its correlation with the modified r-AFS score at the second laparoscopy ( Supplementary Fig. S1 ).
Statistical analysis
We analyzed the correlation between CA125 and the presence of 'chocolate' cysts using the Wilcoxon rank-sum test, and also assessed the correlation between food consumption and the modified r-AFS scores of the second laparoscopy using a correlation coefficient R 2 value (Microsoft Excel, Microsoft Co., WA, USA).
Results
Screening
Laparoscopic or open surgery examinations facilitated definitive diagnosis in 15 out of 29 candidate monkeys, that had earlier been selected by the presence of regular menstruation and then by an aberrance on palpation and/or CA125 >35 U/mL in serum. The diagnosis of endometriosis was also histologically confirmed from biopsied tissue in eight of the 15 monkeys. The definitively diagnosed monkeys ranged from 8 to 20 (median 14) years of age. Most of them were older than 11 years. Because the PPV of the first screening method (using elevated CA125 and/or palpation) was 51.7% (15/29), we retrospectively analyzed the general screening items in order to find a method with a higher PPV as a more effective screening for endometriosis and with higher sensitivity to avoid oversights ( Fig. 2A) . Palpation is a good first screening step because its sensitivity was 100.0% (15/15), and thus aberrances could not be missed. We also found that the observation of feces was a good item for screening; especially, the PPV of no feces was high (83.3%; 5/6), and the triple combination of aberrances on palpation, high CA125 levels and fecal abnormalities further increased the PPV to 76.9% (10/13). Although the sensitivity of no feces was low (33.3%; 5/15), the sensitivity of fecal monitoring overall was high (86.7%; 13/15), followed by that of the triple-positive combination (66.7%; 10/15). In the course of the current study, we found serum CA125 levels to be another clinicopathological feature of monkeys with endometriosis. Levels tended to be high in monkeys with chocolate cyst and low in those without chocolate cyst (Fig. 2B) .
As part of this study, we followed up the nine monkeys that had been found not to have endometriosis in the first examination and continued to screen them to see whether endometriosis would develop (Fig. 1) . In this follow-up phase, endometriosis was found in four of the nine monkeys. This indicates that, even if they have been diagnosed as negative, there is a high possibility that endometriosis will occur in monkeys with high risk factors (aberrant palpation findings, fecal abnormalities and/or high CA125 levels). Intensive monitoring of animals with these factors could be an efficient way to identify monkeys with endometriosis.
Regarding the other screening items, heavy menstrual bleeding had a high PPV at 75.0% (6/8), but low sensitivity at 40.0% (6/15). C-reactive protein, locomotor activity, mating times, pregnancy, delivery and cesarean sections did not correlate with any disease aspect (data not shown).
Diagnosis with staging
Representative laparoscopic images are shown in Fig. 3 . As these images show, it was possible to detect small endometriotic lesions (i.e. cystic/nodular/subtle lesions and adhesions) with full laparoscopic Relationship between CA125 and presence of chocolate cysts. Serum CA125 was significantly higher in endometriosis monkeys with chocolate cysts (N = 6) than in control non-endometriosis monkeys (N = 14) (P = 0.0367, Steel test), whereas in those without chocolate cysts (N = 3) it tended to be similar to the control monkeys. EMS, endometriosis.
observation, and to observe adhesions on the pouch of Douglas, even when the body size of the female monkeys was small (2.4-5.0 kg in this study). With skill and good laparoscopy technique, small lesions in the peritoneal wall and large chocolate cysts could be detected (Fig. 3A and B) , and their color distinguished (red, pink, brown, blue, black or white). Adhesions were observed in the ovaries, fallopian tubes, pouch of Douglas and vesicouterine pouch ( Fig. 3C and D) . Of note as a characteristic of endometriosis in cynomolgus monkeys, lesions and adhesions at the vesicouterine pouch were frequent (44.4%; 4/9). Taken together, this information allowed us to calculate a modified r-AFS score for each animal, and to assign a corresponding disease stage (stages I-IV) ( Table I) .
Monitoring
Monitoring by laparoscopy and r-AFS scoring was performed at intervals (2-7 months) (Fig. 4 and Supplementary Fig. S1 ). Disease status tended to be maintained and sometimes progressed from the first to the second observation (Fig. 4B-D) .
Large cystic lesions could be monitored using T1-weighted MRI, which allowed us to detect cystic lesions behind adhesions and deep infiltrating endometriosis, even when it was difficult to evaluate them using laparoscopy. For example, MRI clearly identified that a chocolate cyst expanded into the serosa of the dorsal uterus in monkey 89102 (Fig. 5A ), but laparoscopy could only distinguish chocolate cysts in that particular monkey (Fig. 5B) . The total volume of the cystic lesion in each animal tended to be stable (Fig. 5C) , as was the case with the r-AFS score. These individual merits and demerits of laparoscopy and MRI are summarized in Table II so that the monitoring methods can be easily compared.
Endometriosis-associated biological parameter
As a candidate endometriosis-associated biological parameter, we measured the food consumption of eight monkeys with endometriosis in the monitoring stage and compared the results to those in healthy controls (n = 5). Food consumption in the healthy animals was I  I  II  III  III  IV  IV  IV  IV NE, not examined.
confirmed to be 100.0% (median), whereas it decreased in the monkeys with endometriosis and often dropped even further during menstrual bleeding ( Fig. 6A and B) . We also found that food consumption during menstrual bleeding was correlated to the adhesion r-AFS score (Fig. 6C ), but not to the size r-AFS score (data not shown). Finally, Table III presents the characteristics of spontaneous endometriosis in cynomolgus monkey as an experimental model and compares them with those in baboon.
Discussion
There is a scientific need for an endometriosis model with which to clarify the etiology of this disease and to develop novel drugs, and spontaneous endometriosis of NHPs is a promising candidate. We considered that there are three requirements for a spontaneous endometriosis model in which drug efficacy can be evaluated: screening, diagnosis with staging and monitoring.
In order to screen cynomolgus monkeys with spontaneous endometriosis from a general population, we assessed several parameters that can be obtained as part of usual laboratory practice, and we propose that aberrances in abdominal palpation, fecal observations and high levels of serum CA125 are sufficient parameters for this purpose. Gastrointestinal symptoms, such as diarrhea and constipation, were reported to be a major clinical predictive marker of patients with endometriosis (Maroun et al., 2009) . If a researcher wants to diagnose endometriosis exactly, we recommend screening for aberrances by palpation first. However, if a researcher needs to prepare a large sample size, it may be more efficient to select animals that produce no feces or are positive for all three parameters as candidates for laparoscopic diagnosis. Moreover, animals in which the first diagnostic examination fails to detect an endometriotic lesion can be pooled with animals that are positive for a single parameter in the screening phase and kept under intensive monitoring, which may further increase the detection rate.
In the course of searching for screening parameters, our report showed for the first time that serum CA125 levels correlated with the presence of chocolate cysts in monkeys with endometriosis, and this finding is consistent with a report in humans (Muyldermans et al., 1995) . So far, reports of CA125 in monkeys have been limited and inconclusive-in rhesus monkeys, CA125 levels were found to correlate with the severity of endometriosis (Rippy et al., 1996) , but were found to have no correlation in baboons (Falconer et al., 2005) -and there are no previous reports of CA125 levels in cynomolgus monkeys with endometriosis. Our findings suggest that serum CA125 is a useful marker to identify monkeys with chocolate cysts, although it seems not to be helpful to identify monkeys with only peritoneal endometriosis without endometrioma. Despite their paradoxical nature, our findings provide evidence to support the view that endometriosis in cynomolgus monkeys is similar to that in humans. (89102), in which the extent of the cyst could not be observed because it was blocked by a severe adhesion. (C) Time courses of total lesion volume. co, colon.
It was reported that the prevalence of endometriosis in cynomolgus monkeys autopsied at this colony was 28.7% (Ami et al., 1993) ; however this study does not give clear data on the incidence of spontaneous endometriosis in living cynomolgus monkeys because we conducted a diagnosis in only 29 monkeys, and not in the general population. Retrospective analysis of the 15 diagnosed monkeys in our study showed that one monkey was 6-10 years old, nine monkeys were 11-15 years old, and five monkeys were 16-20 years old. No monkeys aged 21-25 years proceeded to the diagnostic phase. These findings suggest that the screening system would be more efficient if a colony for an endometriosis model is maintained in the 11-20-yearold age group, which has a greater frequency of menstrual bleeding and active ovarian function. In drug development, the spontaneous endometriosis model presents an opportunity to analyze the etiology of disease progress and can be used to explore the mechanism of a new drug because they have not only peritoneal endometriosis but also endometrioma with chronic fibrotic lesion and immune cells that are similar to women with endometriosis. On the other hand, the low detection rate is a disadvantage in studies that require a large number of animals. It is possible to increase the number of study subjects easily by supplementing this model with an induced model, as is done in baboon studies (Donnez et al., 2013; Harirchian et al., 2012) , though the characteristics of the induced model have yet to be analyzed thoroughly.
Our laparoscopic findings showed that spontaneous endometriosis in cynomolgus monkeys had various disease manifestations in terms of the location, size and color of lesions, as well as the location and extension of adhesions. As these manifestations were similar to those of clinical cases, and since disease staging would be essential in a drug efficacy model, we tried to optimize the clinical r-AFS score for endometriosis in cynomolgus monkeys. To modify the r-AFS score, first we changed the criteria for lesion size (to 5 and 15 mm) because cynomolgus monkeys are smaller than humans. The other modification was to add the item of adhesion at the vesicouterine pouch (complete, partial, open) , similar to that for the pouch of Douglas, because adhesions at this pouch were observed more frequently in cynomolgus monkeys (44.4%; 4/9) than in humans (see below modifications, it was possible to calculate the r-AFS score and assign disease stages for each animal.
Monitoring by laparoscopy showed that disease status was stable and sometimes progressed for several months (up to 7 months). We also assessed MRI as a procedure for monitoring spontaneous endometriosis in cynomolgus monkeys, since it has received much attention recently as a non-invasive method in the clinical setting (Bazot et al., 2004; Takahashi et al., 2016) , and compared their individual merits and demerits (Table II) . In this trial, we found that MRI can detect large cystic lesions and give information on cyst volume and can sometimes detect a lesion that laparoscopic monitoring had missed because the view was obstructed.
From the detailed monitoring used in this study, we noticed for the first time that food consumption in monkeys with spontaneous endometriosis decreased during menstruation and was correlated with the adhesion r-AFS score. We considered that food consumption during the menstrual phase can serve as an endpoint for an endometriosisassociated biological parameter in a cynomolgus endometriosis model. Knowing that human endometriosis patients have severe menstrual pelvic pain and reduced quality of life (Aubry et al., 2017) , we speculated that this 'biological response' in cynomolgus monkeys may be caused by pain and reduced quality of life. Since the solid food we used is commercially available, and individual monitoring of food consumption is the usual practice in many research laboratories, data from other facilities will also be important to increase the validity of our finding.
After reviewing all the characteristics discussed above, we compared spontaneous endometriosis in baboons and cynomolgus monkeys as experimental models (Table III) . The strength of using baboons as an endometriosis model is that they are easy to observe because female baboons weigh 8-15 kg (D'Hooghe et al., 2009), while cynomolgus monkeys weigh 2-5 kg. As a model for pharmacological evaluation, the strengths of using cynomolgus monkeys are that handling the animals and analyzing their general conditions are relatively easy. In addition, many parameters are available as part of normal laboratory practice, including mRNA and protein expression, and importantly, for genetic analysis of this model, the whole genome of cynomolgus monkeys has been fully sequenced (Higashino et al., 2012) . Analyzing mRNA and protein expression and examining the whole genome sequence in endometriosis of cynomolgus monkeys are efficient methods for clarifying its pathogenesis and developing a novel drug. In addition, since we found for the first time in NHPs that changes in food consumption during the menstrual phase can be set as an endometriosis-associated biological parameter, it may be worth verifying the relationship between the menstrual cycle, endometriosis status, and food consumption in baboons.
In conclusion, spontaneous endometriosis in cynomolgus monkeys satisfied the three requirements for an endometriosis animal model: screening was available using CA125, palpation and observation of feces; disease status could be evaluated, even with small lesions, and staging based on r-AFS score modified for cynomolgus monkeys was applicable; and monitoring the time course of disease status using laparoscopy and MRI was established. In the monitoring phase, we found that disease status was stable, and several aspects of disease manifestation were gross, with histological findings similar to those in human clinical cases. In addition, we found that food consumption may be useful as an endometriosis-associated biological parameter. On the basis of these data, we considered that spontaneous endometriosis in cynomolgus monkeys is a useful model to evaluate disease progression and drug efficacy.
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